This paper proposes single-layer periodic arrays of freestanding slot frequency-selective surface (FSS) as an approach to convert linearly polarized wave to circularly polarized wave. The double U-type structure is etched on a metal plate rather than a traditional print circuit board (PCB) material. It has the characteristics of broadband and could be applied to the situation of large incident angles. Numerical simulations have been carried out, and the prototype structures have been fabricated and experimentally validated. The whole thickness is only 1 mm, and the results show that 3 dB axial ratio (AR) bandwidth is 36.6% at normal incident (16.5% at ±60°). An insertion loss of under 3 dB can be achieved within the whole AR bandwidth.
Introduction
In recent years, circularly polarized antennas using polarization transformers are widely used in fields such as satellite communications, telemetry, and electronic warfare for eliminating rain echoes or for the suppression of interference. Therefore, the research on transmission-type polarizers has become a hot issue, which, when placed over a radiating aperture, convert linearly polarized (LP) signals into circularly polarized (CP) signals [1] . Nowadays, most technologies of the transformation of linear to circular polarization are based on frequency-selective surface (FSS), which is an important component in antenna systems especially in beam-scanning antennas [2] .
There are several methods designing transmission-type polarizers. One is based on polarizers made in PCB technology such as Ref. [3] , wherein Fei et al. proposed a novel single-layer linear to circular polarizer which consists of hybrid meander line and loop configuration. Although it is characterized by a wide band, its insertion loss exceeds 3 dB. Typical two [4] and three layers [5] , even multilayers [6] , have been studied extensively. Universally, an approach focus on designing a multilayer polarizer was presented by Blanco and Sauleau in [7] . The main drawback of PCB polarizers is that their performance abruptly deteriorates for a large angle of incidence, which restricts their use for beam-scanning antennas. Ratni et al. proposed a linear to circular polarization convertor using a reconfigurable metasurface which can be tuned in frequency by changing the applied voltage along the metasurface [8] . The concept of this method is advanced. A wide-band circular polarization convertor using ultrathin bilayered metasurfaces is proposed which is composed of two layers of metallic pattern arrays separated by a 1.5 mm thick dielectric spacer [9] .
Another method is slotting on metal directly. Euler et al. proposed three types of a split ring polarization convertors, cross-slot, ring slot, and hexagonal slot for single and double layers. The maximum 3 dB axial ratio bandwidth for a single layer is 21% at normal incidence and only 8% at 45 degrees [10] , which is not suitable for beam-scanning antennas, neither. Based on these structures, sub-mm wet etched linear to circular polarization converters are proposed in [11] . Zelenchuk and Fusco have given the first report of a planar phase plate structure based on frequency-selective surface (FSS) technology for the generation of helical far-field radiation patterns with circular polarization properties which demonstrated that the structure of a split ring could obtain progressive rotational phase shift [12] . Although the technology of a linear to circular polarization convertor is quite mature, the performance of broadband and large angle of incidence still could be optimized [13] .
In this paper, a modified double U-type split ring linear to circular polarization convertor is proposed. It has a better performance on bandwidth and oblique incident that will be introduced in the following sections. This paper is organized in the following manner: Section 2 discusses the configuration and design principle of the proposed linear to circular polarizer. In Sections 3 and 4, the simulated and measured results of the designed polarizer are presented and analyzed. Finally, a brief conclusion is given in Section 5.
Design and Operating Principle
In this section, the topology of the proposed structure and operating principle will be analyzed. Figure 1 shows the schematic model of a linear to circular polarization convertor.
Assume that a linearly polarized wave was titled 45 degrees relative to the x-and y-axis, normally incident onto the single-layer periodic structure. The incident wave can be decomposed to obtain two orthogonal wave components that have the same amplitude and phase, one in the vertical direction and the other in the horizontal direction. When passing through the polarization convertor, the amplitude of the transmitted coefficient for each component is ideally equal, but two distinct phase shifts on the two components should be taken into consideration [14] . If the conditions of equal amplitude and 90°differential phase between the two components are met, the transmitted wave will be perfectly circularly polarized. These two necessary conditions could be expressed by Therefore, the key point to design a linear to circular polarization convertor is how to meet the amplitude and phase conditions. When rotated with respect to an incident linearly polarized signal, a circular or rectangle split ring will produce a variation of both the amplitude and phase in the signal reflected from it or through it [15] . Based on this principle, we propose a double U-type split ring CP polarization convertor. The unit cell of the structure is shown in Figure 2 .
The structure consists of two U-type slots on the metal plate heading different directions. The thickness of the metal plate is 1 mm aluminum, the manufacturing cost is much more inexpensive than the polarizers based on PCB technology, and the manufacturing difficulty is greatly reduced.
The values of parameters of the structure need to be modified to satisfy the two necessary conditions to generate a CP wave. The equal amplitude criteria can be met by using two split ring slots in a metal plate. Specifically, the amplitudes of both components could be controlled by adjusting the width of the inner and outer slots [16] . In regard to phase control, it is mainly determined by the equivalent electrical length of the inner and outer slots. With reference to the double U-type slots, the incident TE (defined in the y direction in CST) wave component causes the shorter inner slot to resonate slightly above the operating frequency of the polarizer, whereas the TM (defined in the x direction in CST) wave component causes the outer slot to resonate at a frequency slightly below. In other words, the equivalent electrical length of the inner slot is shorter leading to the phase of TE wave component which is ahead of TM's, just as shown in Figure 3 which shows the surface current distribution along one unit cell under TM and TE waves at 8.5GHz. From the picture, we can see that the surface currents of Ex and Ey reach the maximum value in the phase of 140 degrees (a) and 230 degrees (b), respectively, which indicates that the phase of transmitted wave in the x and y directions has been changed. 
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Therefore, the dimensions of the inner and outer slots, both the width and length, control the amplitude and phase of the transmitted wave.
Simulations and Sensitivity to Dimensional Variation
The simulation was carried out by using the full-wave EM solver (CST Microwave Studio). The frequency domain solver and adaptive mesh refinement were employed to perform the simulations. To reduce the computational volume to that of a single unit cell, we implemented periodic boundary conditions. The unit cell boundaries in the z direction are open which indicates that they are realized by Floquet modes [4] . After completing the preprocessing settings, we simulated the case of normal and oblique incidences, respectively.
Results at Normal Incidence.
We firstly simulated at normal incidence, and a group of parameters is optimized based on the above analysis as shown in Table 1 . and E t y . The results indicate that the phase difference condition is satisfied (90 ± 10 degrees between 7.2 and 9.7GHz, 29.6% for relative bandwidth). With regard to amplitude, the bandwidth matching the condition β = 1 ± 0 25 is from 7.6 to 9.8 GHz.
After getting the results of amplitude and phase difference, the axial ratio could be calculated in terms of β and Δφ as [17] 
Then, the result of AR of transmitted circularly, polarized output wave, in case of 45°normally incident, linearly polarized wave, is shown in Figure 5 . For an AR of less than 3 dB, the bandwidth is from 7.3 to 10.44 GHz, 35.4% for relative bandwidth; although the AR is not the optimum performance at normal incidence, it shows good performance at a large incident angle which will be analyzed in the following section.
Sensitivity to Dimensional Variation.
A sensitivity analysis on the variation of parameters will be conducted in this section. All of the following simulations in this part are carried under the situation of normal incidence. Figure 6 (a) demonstrates the variation of AR versus frequency with different values of the length of the outer slot, long_2. As analyzed in Section 2, reducing the length of the outer slot will reduce the equivalent electrical length of TM and has few effects on TE component, which leads to a higher resonant frequency of TM, and the phase relationship between TM and TE will be changed at the same time. Therefore, the bandwidth of AR moves to higher frequency. Figure 6 (b) shows the simulated axial ratio variation with high_1. The length of the inner slot mainly affects the TE component. When reducing high_1, the transmission coefficient of the TE component deteriorates due to the change of relative size which breaks the amplitude condition. Consequently, the 3 dB AR bandwidth becomes narrow. On the other hand, the equivalent electrical length of TE decreases, which leads to a higher resonant frequency of TE, the same trend of frequency shift as TM.
In a word, this structure is much more adjustable. The operating bandwidth could be designed by changing the length of the inner or outer slots which is easy to manufacture and cut cost. In the x-z plane, observe that the structure demonstrates a relatively stable operation in terms of AR of the transmitted wave over a wideband of interest for incident angles in the range of ±60°, 35.5% for 0 degree and 17.3% for ±60 degrees, respectively. With the increasing of incident angles, the deterioration of the 3 dB AR bandwidth is a normal trend which could be explained that in the case of oblique incidence, high-order mode is inspired in advance which breaks the amplitude and phase conditions. In the y-z plane, when changing incident angles, the AR response in a part of high frequency has a Figure 8 . Considering the characteristics of FSS, with the change of oblique incidence and different incident planes, the structure has different frequency responses which causes the frequency shift. On the other hand, the manufacturing and measurement errors may cause further deterioration. In general, it can be concluded from the measured results that during the whole 3 dB AR bandwidth, the transmission coefficient is less than 3 dB which shows a good performance in application.
Measurements and Discussion
In order to validate the performance of the design method presented above, a single-layer double U-type polarization convertor is fabricated, as shown in Figure 9 . The sensitivity of the response of the fabricated prototype to the angle of incidence was measured for various angles of incidence in the range of 0°-60°in both the x-z and y-z planes.
The measurement equipment consists of a two-port vector network analyzer (VNA) which is connected to the transmitting and receiving LP horn antennas (X band). The transmitting LP horn antenna was fed from a port of VNA and positioned at the 45°tilt angle relative to the polarization convertor. The receiving horn antenna rotates There is a good consistency between the experimental and simulated results especially at small incident angles. The measured 3 dB axial ratio bandwidths of the design in the x-z plane are found to be 36.6% and 16.5% for 0 and ±60 degrees, respectively, better in 0°and slightly worse in maximum angles. About the results in the y-z plane, the measured 3 dB results show a similar trend as simulated, despite the instability in the axial ratio and the shift in frequency.
These deviations may be caused by the manufacturing errors and the experimental environment. Table 2 shows the comparison between our design and some other single-layer published polarizers. Compared with these typical structures, our design has the advantages not only in the bandwidth of normally incident but also under maximum incidence which demonstrates that our design is more suitable for beam-scanning antennas.
Conclusions
A modified single-layer double U-type split ring linear to circular polarization convertor is proposed in this paper. 
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The double U-type structure is etched on a metal plate that reduces the process difficulty and costs significantly, and the whole thickness is only 1 mm. Numerical simulations have been carried out, and the prototype structures have been fabricated and experimentally validated. Both simulated and measured results show good performance on bandwidth and large incident angles, 36.6% for 0 deg and 16.5% for ±60 deg, which is desirable in beam-scanning antenna systems.
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